The majority of marine dissolved organic carbon (DOC) is resistant to biological degradation 14 and thus can remain in the water column for thousands of years, constituting carbon 15 sequestration in the ocean. To date the origin of such recalcitrant DOC (RDOC) is unclear. A 16 recently proposed conceptual framework, the microbial carbon pump (MCP), emphasizes the 17 microbial transformation of organic carbon from labile to recalcitrant states. The MCP is 18 concerned with both microbial uptakes and outputs of DOC compounds, covering a wide 19 range from gene to ecosystem levels. In this mini-review, the ATP binding cassette (ABC) 20 transporter is used as an example for the microbial processing of DOC at the genetic level. 21
most DOC-related transporters produced by the bacterial community are recognized to be 83 components of ABC transporters (43) . 84
All of this evidence indicates that ABC transporters mediated microbial processes are 85 very important for the cycling of carbon and nutrients in marine environments (36). We do 86 not discuss the possible role of secondary transport systems but assume, for the sake of 87 clarity, that bacterial ABC importers and exporters can be used as indicators of the 88 capabilities of a bacterium or bacterial group or community to take up and generate 89 corresponding DOC compounds respectively. On one hand, bacterial ABC importers are 90 essential for the uptake of amino acids, sugars, and trace metals (24, 38, 46) . On the other 91 hand, many exporters are involved either in eliminating waste products, toxins or muramic 92 acids (23, 52), or in excreting cellular components which function outside the plasma 93 membrane including cell wall polysaccharides, lipoproteins, lipopolysaccharides (Table 1,  94 #9-#11), antibiotic products and proteins (23, 53) . Many of these products are also 95 recognized as bacterial RDOC (1, 2, 3, 27, 32, 40) . Each ABC transporter is relatively 96 specific for its own particular DOC substrates. So far, ABC transporters have been 97 characterized with specificity for inorganic ions, sugar, amino acids, polypeptides, lipids, and 98 complex polysaccharides (23, 50, 53) . Thus, DOC utilization and generation of a bacterium 99 or bacterial group, or even a microbial community, can be characterized by their ABC 100 transporter information such as diversity and substrate specificity. 101
Characterizing DOC utilization in major bacterial groups by ABC transporters. The
Roseobacter clade is one of the major marine groups, accounting for up to 20% and 15% of 104 bacterial communities in coastal waters and the mixed-layer of oceanic waters, respectively 105 (52, 58 The proportion of the genes encoding amino acids transporters in SAR11 is higher than in 127
other Alphaproteobacterial genomes (17). The various ABC transporters in SAR11 are 128 mostly nutrient-uptake related, and their high affinity for specialized substrates makes 129 SAR11 capable of taking up carbon and nutrients at very low levels, enabling SAR11 to 130 prevail in many marine environments but especially the oligotrophic oceans (17, 31) . 131
132
Bacterial originated potential RDOC compounds. Marine bacteria can be both major 133 consumers and producers of DOC in the ocean (6, 25, 40) . It has been experimentally 134 demonstrated that heterotrophic bacteria can take up LDOC even at very low concentrations 135 (nM) and generate RDOC very rapidly (3, 20, 40 (1, 2, 3, 27, 32, 40 group-specific and might be recalcitrant to some microbes, but could be available to some 158 others. Successive microbial processes would make the carbon increasingly recalcitrant in the 159 environment (25, 26) . In fact, the above mentioned bacterial excretion of RDOC is only one 160 of the pathways of the MCP. Another important mechanism releasing the bacterial organic 161 carbon is viral lysis, which redistributes organic carbon across a continuum of dissolved to 162 particulate organic materials (59). While the majority of these lysis products can be rapidly 163 assimilated again by heterotrophs, some of the lysis products are resistant to further microbial 164 use, such as some cell wall materials mentioned above, and thus remain in the environment 165 on August 29, 2017 by guest http://aem.asm.org/ Downloaded from as RDOC (Fig. 1) . Although the proportion of RDOC in total viral lysis production is small, 166 the accumulative production of RDOC via viruses would be significant given that about half 167 of the bacterial production flows through the viral shunt (5, 56, 60). Bacterially derived 168 RDOC based on D-amino acid biomarkers has been reported to be responsible for about a 169 quarter (155Gt carbon) of total marine RDOC (1) . 170 171 Equivalent to the total carbon inventory of the atmospheric CO 2 , the RDOC pool could play a 172 significant role in carbon cycling and climate change. The MCP concept provides a link 173 between micro-scale processes and macro-scale consequences (Fig. 1) . Thus, MCP studies 174 must deal with the complexity over a wide range from genes to the ecosystem, and MCP 175 studies require joint efforts from multiple disciplines, particularly microbiology and 176 biogeochemistry (26). This will be a great challenge, but promises exciting breakthroughs. 177
For instance, once genes are linked to specific RDOC compounds with known chemical 178 structures, a black box will be opened, and questions that have long puzzled scientists can be 179 gradually answered. For instance, why do so many organic molecules persist in the ocean in 180 the presence of abundant microbes? 181
From microscale to ecosystem scope, the MCP is interconnected with the simultaneously 182 occurring biological and abiotic processes involved in carbon cycling in the ocean (26), such 183 as the POC based biological pump and the dissolved inorganic carbon-based solubility pump 184 (16). In contrast to the biological pump which emphasizes the vertical transport of carbon 185 from the euphotic zone to the deep sea for carbon sequestration, the MCP emphasizes the 186 formation of RDOC for carbon sequestration. RDOC can persist at any depth in the water 187 column, including the surface ocean. Partitioning of primary production to POC and DOC 188 and its controlling factors should be one of the focuses for integrated studies along 189 environmental gradients. Compared with the solubility pump which depends on solubility of 190 CO 2 in seawater, and thus has negative impacts such as ocean acidification on marine 191 organisms (41), the MCP does not appreciably alter the buffering capacity of seawater and 192 has no known negative impacts on marine organisms (25). 193
194
Closing remarks. Currently, the anthropogenically-derived increase of atmospheric CO 2 is a 195 global challenge which will change seawater chemical characteristics and particle-size 196 distributions as well as microbial function and diversity (13, 15, 30) . With elevated pCO 2 , 197 both primary production and the release of DOC might increase. As a result, the POC pool 198 may remain largely unaltered (48), whereas DOC or its derivatives such as transparent 199 exopolymer particles might increase (48). Stoichiometric assays also show that more carbon 200 is drawn down compared to nitrogen under elevated pCO 2 levels (48) 
